The neurodevelopment of patients with craniofacial microsomia has been rarely examined, although it is potentially significant in terms of cause, treatment, and quality of life. [5] [6] [7] [8] [9] Most available information is based on medical chart reviews or parent surveys. 10, 11 One exception is a study in which we evaluated elementary school children with craniofacial microsomia (average age, 7 years) and demographically similar controls, using standardized tests of verbal and visuomotor skills. 12 Children with craniofacial microsomia were two to three times more likely than controls to score in the "at-risk" range on these tests.
The present study followed into adolescence the same cohort of cases and controls (average age, 13 years). We addressed two primary questions: (1) In comparison with unaffected peers, do adolescents with craniofacial microsomia have continuing problems in two key domains of neurodevelopment, global IQ and academic achievement? (2) Is the cognitive/academic status of adolescents with craniofacial microsomia related to their craniofacial phenotype (i.e., different combinations of anomalies such as microtia with or without other craniofacial malformations)? In secondary analyses, we sought to determine whether associations between cases' status and neurodevelopmental outcomes differed by hearing status. Two other variables were similarly examined (i.e., youth sex and maternal age at birth), as both variables were observed to moderate case-control group differences in the earlier study.
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PATIENTS AND METHODS
Study Design
The Child and Adolescent Learning and Living Study is phase 3 of an observational, longitudinal study of prenatal risk factors and neurodevelopment in children with craniofacial microsomia (cases) and children without craniofacial anomalies (controls). 13 Participants were initially enrolled between 1996 and 2002 from 26 cities across the United States and Canada. Phase 1 of the study focused on demographic and risk factors for craniofacial microsomia. 13, 14 Families were reapproached and asked to participate in phase 2 of this research, when children were 7 years of age on average, in which we assessed neurodevelopment 12 and psychosocial status. 15 The current phase 3 occurred between 2011 and 2015 when youths were approximately 13 years of age on average (range, 11 to 17 years). All participating youths had been schooled in English since early grade school and all spoke English as their primary language. The study was approved by the institutional review boards of both participating centers (Seattle Children's Hospital and Boston University).
Cases
Children in the original phase 1 study were ascertained from craniofacial specialty clinics, eligible if they were younger than 48 months; had received a diagnosis of hemifacial microsomia, facial asymmetry, unilateral microtia, oculoauriculovertebral spectrum, or Goldenhar syndrome from a craniofacial physician; and did not have a diagnosis of another known syndrome or chromosomal anomaly. Cases without microtia and/or at least two craniofacial microsomia-associated malformations were excluded from the current analyses to include only cases with the most accepted features of craniofacial microsomia 1 and to maximize sample homogeneity.
Controls
Families of control infants were originally recruited during phase 1 through cases' pediatricians or from another pediatric practice in close proximity and size. Approximately three controls were recruited for each case and were eligible if they had no known birth defects, had not been adopted, and were within 2 months of the cases' age at the time of recruitment. For phase 3, we selected two or three matching group participants for each case depending on geographic proximity. When there were several potential controls in a given location, we prioritized control group participants who were most similar to the target case with regard to age, sex, and language spoken in the home (English or Spanish). Figure 1 shows the case and control group participation numbers for all three phases of the study and reasons for participant loss.
Measures
Intelligence and Achievement Psychometrists supervised by one of the project's psychologists (B.R.C. and M.L.S.) traveled to the home communities of participating families and assessed each adolescent individually. We used a two-subtest version of the Wechsler Abbreviated Scale of Intelligence [16] [17] [18] [19] to obtain an estimate of global IQ. The subtests were Vocabulary and Matrix Reasoning, which measure verbal and nonverbal cognitive skills, respectively. The Wide Range Achievement Test-IV 20 was used to assess achievement in spelling, math computation, and sentence comprehension. To assess oral reading, we used the Fluency and Comprehension subtests from the Gray Oral Reading Test, Fourth Edition. 21 We created a composite reading score based on the Wide Range Achievement Test-IV 20 Sentence Comprehension subtest and the Gray Oral Reading Test, Fourth Edition 21 Fluency and Comprehension subtests. Written expression (i.e., ability to formulate ideas in writing) was assessed by the Writing Samples subtest of the WoodcockJohnson III Tests of Achievement. 22 Age-based standardized scores were used for all measures. All testing was conducted in English.
All testing sessions were video recorded. Interexaminer reliability was estimated by having one of the psychologist investigators (B.R.C.) watch test videos and independently score 20 percent of all test administrations. Average percentage agreement between the supervising psychologist and psychometrists was greater than 95 percent among all tests given.
Audiometric Assessment
Conventional screening audiometry was used to assess hearing status among both cases and controls using a GSI 18 portable device (GrasonStadler, Eden Prairie, Minn.). 23 Trial presentations of tones at 45 to 55 dB were used to confirm participants' understanding of the procedure. Both ears were tested at 500, 1000, 2000, and 4000 Hz. A hearing threshold less than 40 dB at any of these frequencies was considered a "pass" (40 dB commonly distinguishes no or mild from moderate or more severe hearing loss).
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Medical History Interview and Questionnaire During phase 1, mothers of children with craniofacial microsomia were interviewed by telephone about demographic, reproductive, and medical factors. At phase 3, mothers or guardians completed a questionnaire to update the family's demographic information and medical history (including patients' medical/surgical histories) and to provide information on any developmental or educational interventions received Plastic and Reconstructive Surgery • September 2017 (e.g., speech, vision, or hearing therapy, physical or occupational therapy, or special education services).
Phenotypic Assessment
The details of the methodologic approach for data collection and integration and subgroup identification for this study cohort are described elsewhere. 24 Briefly, phenotypic classifications were based on the integration of the following data sources: standardized ratings based on photographs; data from medical questionnaire obtained at the phase 3 study visit; along with medical chart information taken during phase 1. The standardized photographic protocol consisted of 16 views of the face [25] [26] [27] and a classification method described by Birgfeld et al., 26 which used a modified version of the orbital, ear, mandible, nerve, soft tissue (OMENS) pictorial rating scale. [28] [29] [30] Ratings of photographs using this method have correlated highly with physical examination for most features, 26 and we obtained interrater reliability kappa coefficients of 0.7 or greater for each of the orbital, ear, mandible, nerve, soft tissue pictorial rating scale features using physician raters. 31 In the current study, one of the investigators, a craniofacial pediatrician (C.L.H.), rated all photographs. For each feature on each study participant, data from all three sources (i.e., photographic ratings, medical questionnaire, medical chart abstraction) were reviewed to establish the phenotype. Three major phenotypic subgroups were identified 24 :
(1) microtia only (in the absence of mandibular hypoplasia, epibulbar dermoids, lateral clefts, preauricular or facial tags, small and/or displaced orbit, and nerve palsies; n = 24); (2) microtia and mandibular hypoplasia; n = 46); and (3) other combinations of craniofacial microsomia-associated malformations (two or more were required; n = 51). In the latter subgroup, malformations included preauricular or facial tags (n = 41), mandibular hypoplasia (n = 22), microtia (n = 21), epibulbar dermoids (n = 15), nerve palsy (n = 9), lateral cleft (n = 8), and orbital hypoplasia and displacement (n = 3). Further details about all subgroups are provided by Heike et al.
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Statistical Analyses
Linear regression with robust standard errors was used to estimate differences between cases and controls with corresponding 95 percent confidence intervals. We estimated the magnitude of standardized group differences (standardized effect size) by calculating a modification of Cohen's d using the adjusted mean difference and dividing by the root mean square error for the model. 32 All analyses were adjusted for the age of the youths at assessment (in years), youth sex and race/ethnicity (non-Hispanic white, Hispanic, and other), family income, and the primary caregiver's highest level of education. We examined differences in adjusted IQ and achievement among the three phenotypic categories using Wald tests; controls served as the referent category.
Logistic regression with robust standard errors was used to compare the proportion of cases and controls with learning problems, after adjustment for all confounders used in the primary linear regressions. A well-established definition of learning problems was used 33, 34 : scores below the 25th percentile on test norms for one or more of the achievement measures given. We also tabulated cases' demographic and craniofacial microsomiarelated characteristics by learning problem status (yes/no).
We examined the effect of attrition bias by repeating the primary analysis using inverse probability weighting. 35 The predicted probability of participation in the adolescent follow-up (versus nonparticipation because of refusal or loss of contact) was estimated with characteristics collected at the school-age assessment or earlier including case status, sex, race, language spoken at home (Spanish versus English), and neurodevelopmental tests and behavior questionnaires. 12 We also conducted sensitivity analyses that excluded Spanish-speaking case and control group families.
Secondary Analyses
We used censored normal regression 36 to examine whether the receipt of interventions designed to improve academic performance may have influenced observed group differences. This approach assumes that the scores of children who received interventions would be at least as low as those observed in the absence of intervention, (i.e., that they are "left-censored").
We conducted stratified analyses of outcomes by case and hearing status to explore the effect of hearing status on IQ and achievement, regardless of phenotype. Controls were considered the referent category. Controls who failed the hearing screen were excluded from these analyses. We used linear regression to evaluate whether IQ and achievement scores differed by youth sex or maternal age at delivery. Evidence for effect modification was evaluated using Wald tests.
RESULTS
The demographic characteristics of the sample are listed in Table 1 . Comparisons of participants who did and did not participate in the adolescent follow-up indicate that the latter group was more likely to be nonwhite or Hispanic, Spanish-speaking, and to have slightly lower neurodevelopmental test scores at the younger age point.
Case-Control Differences
The adjusted mean scores for cases were lower than controls for all measures of IQ and achievement ( Table 2 ). The magnitude of estimated average differences between cases and controls ranged from −0.1 to −3.7 points, with effect sizes ranging from −0.01 to −0.3 (p = 0.01 to p = 0.92). The largest observed deficits were for the reading composite (effect size, −0.3) and for the Woodcock-Johnson III Tests of Achievement Writing Sample (effect size, −0.3).
Analyses using inverse probability weighting to account for attrition increased the magnitude of all case deficits. (See Table, Supplemental Digital Content 1, which shows the comparison of mean test scores for adolescents with and without craniofacial microsomia after adjustment for attrition using inverse probability weighting, http://links.lww.com/PRS/C282.) With inverse probability weighting, effect sizes for case-control differences ranged from −0.1 to −0.4 (p = 0.004 to p = 0.62) and were greatest for WASI-2 Vocabulary, the Reading Composite and the Woodcock-Johnson III Tests of Achievement Writing Sample. Case-control differences were attenuated after the exclusion of 11 controls and 15 cases from Spanish-speaking families, with effect size estimates ranging from −0.04 to −0.3 (p = 0.03 to p = 0.79). (See Table, Supplemental Digital Content 2, which shows the comparison of mean test scores for adolescents with and without craniofacial microsomia after adjustment for attrition using inverse probability weighting, http://links.lww.com/ PRS/C283.)
Twenty-five percent (74 of 301) of controls and 38 percent (44 of 115) of cases were classified as having learning problems (adjusted OR, 1.5; 95 percent CI, 0.9 to 2.4). Compared to cases without learning problems, cases with learning problems were more likely to come from families that were Hispanic, bilingual (Spanish and English), and with a family income of less than $35,000. Cases with learning problems were also marginally more likely to be male, to fail the hearing screen, and to have microtia alone or microtia plus mandibular hypoplasia (Table 3) . 
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Analyses by Phenotype Adjusted case-control differences were variable across phenotype (Table 4) . Cases with microtia and mandibular hypoplasia (n = 46) had consistently lower IQ and achievement scores relative to controls for all measures, with case deficits ranging from effect size −0.02 to −0.6 (p = 0.003 to p = 0.92). The largest differences were found on the Woodcock-Johnson III Tests of Achievement Writing Sample and the Reading Composite (effect size ≥ 0.5), and the smallest difference observed on Wechsler Abbreviated Scale of Intelligence Matrix Reasoning (effect size < −0.03). Estimates for the 24 cases with microtia only or the 51 cases with other related anomalies were variable and there was no consistent direction in association.
Secondary Analyses
Seventy-two percent of cases and 33 percent of controls had received or were currently receiving some form of intervention. Estimates using censored normal regression to account for effects of interim intervention shifted case-control differences by −0.7 to −0.9 SD (p < 0.001 for all measures). *Standard scores used for all analyses; adjusted for age at assessment (continuous), sex, race/ethnicity (white non-Hispanic, Hispanic, other), income (categorical), and primary caregiver's highest level of education (categorical). †Standardized effect size. Seventy percent of cases (77 of 110) and 1 percent of controls (two of 300) failed the hearing screen. However, there was little evidence that case deficits differed by hearing status (Table 5) . Cases with and without hearing impairment scored more poorly than controls on nearly all measures, but case deficits were not consistently greater in one group over the other, and there was no evidence for effect modification (Wald p > 0.05 for all measures). There was also little evidence of effect modification by maternal age or youth sex (Wald p > 0.05). (See Table, ) However, on nearly all measures, case-control differences were greater among adolescents whose mothers were younger than 25 years at the child's birth than among those whose mothers were older than 25 years. Math Computation was the only exception.
Table 2. Comparison of Mean Test Scores for Adolescents with and without Craniofacial Microsomia
Test
Cases vs. Controls
Measure
Controls
SD
Cases
SD
Unadjusted
DISCUSSION
The current study reexamined the neurodevelopmental status of youths with and without craniofacial microsomia who were previously assessed in early elementary school. 12 After adjusting for demographic variables associated with neurodevelopment, we found that cases scored lower on average than unaffected controls on standardized measures of IQ and academic achievement. However, these effects were relatively modest, and case-control group differences were smaller than those observed in the elementary school assessment. The proportion of youths with learning problems-an important metric for identifying children in need of special education-was higher among cases compared with controls (38 percent versus 25 percent, respectively), but this effect was also relatively small.
Several factors likely accounted for the roughly equivalent performance of the two groups. Biased attrition affected sample composition because of a disproportionate loss of nonwhite, Spanish-speaking families and youths who had lower neurodevelopmental test scores during their elementary school assessment. Analyses using inverse probability weighting indicated that differential attrition reduced the magnitude of case-control group differences, particularly in areas in which cases *Standard scores used for all analyses; adjusted for age at assessment (continuous), gender, race/ethnicity (white non-Hispanic, Hispanic, other), income (categorical), and primary caregiver's highest level of education (categorical) †Standardized effect size.
Plastic and Reconstructive Surgery • September 2017 appeared most vulnerable (vocabulary, reading, and written expression). Furthermore, over twice as many cases as controls received developmental or educational interventions over the course of their childhood. Censored normal regression analyses indicated that in the absence of intervention, group differences might have been much larger, as much as 1 full SD. Finally, cases' averaged scores may have poorly represented the performance of the case group overall, because of the wide range of phenotypic variation in craniofacial microsomia. This idea is supported by our finding that in comparison to the control group, cases with ear and mandibular malformations consistently scored lower than those with only microtia and cases with other combinations of craniofacial microsomia-related malformations. The largest phenotypic subgroup differences were observed on the Reading Composite and Written Expression tests, with mean differences on both measures approximately 0.5 SD, a potentially significant difference from an educational perspective. Replication of the latter finding is needed before concluding that children with both microtia and mandibular hypoplasia have a greater risk for academic problems than children with other phenotypic presentations of craniofacial microsomia. However, the plausibility of this hypothesis is supported by the cumulative number of neurodevelopmental risk factors associated with this combination of facial malformations. These include hearing impairment, speech difficulties, upper airway obstruction possibly leading to sleep-disordered breathing, 37 multiple operations and associated anesthesia exposures, [38] [39] [40] [41] [42] facial paresis or palsy, 43 and the sociopsychological effects of anomalous facial appearance. 44, 45 Although most children with craniofacial microsomia will have some of these risk factors, those with combined microtia and mandibular hypoplasia may experience a greater number of risks and at higher levels of severity, with possibly synergistic effects (e.g., hearing loss and facial paresis may in combination produce greater liability than the sum of their individual effects). Future research is needed to establish the specific neurodevelopmental risks and level of risk associated with each of the major phenotypic categories of craniofacial microsomia and to examine the contribution of these factors to academic outcomes.
In addition to craniofacial microsomia-related risk factors, it is important to anticipate the potential effects of demographic and socioeconomic variables on neurodevelopment, as these factors have been correlated with academic performance in studies of other pediatric populations. 46, 47 In our comparisons of cases with and without learning problems, we found that cases with learning problems were nearly three times more likely than cases without learning problems to come from families in which Spanish was spoken and from families that earned less than $35,000 annually. These data suggest that socioeconomic and sociolinguistic factors should be considered in the identification and treatment of learning-related problems in children with craniofacial microsomia. Bilingual home environments may be especially important, given the effect of bilingualism on the development of reading skills 48, 49 and the disproportionate number of Hispanic families in the craniofacial microsomia population.
This study was limited in several respects, including the biased sample attrition described above. In addition, the itinerant nature of our assessments required the use of screening audiometry with a dichotomous outcome (pass/fail), rather than a full hearing test that would have measured the degree of hearing loss. Another limitation is related to our phenotypic classification method, which substantially improved on earlier methods in its use of multiple data sources, but was limited by the available data in this cohort (e.g., incomplete information about extracranial anomalies, lack of intraoral photographs for assessing dentition).
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CONCLUSIONS
At this early stage of research on craniofacial microsomia and neurodevelopment, our findings should be viewed primarily as hypothesis-generating rather than as firm conclusions. Four findings are of particular interest in this regard: First, when disregarding phenotype, children with and without craniofacial microsomia perform similarly on tests of IQ and achievement, although cases perform consistently lower on average. Second, facial phenotype may be an important predictor of academic problems, with heightened risk among cases who have both microtia and mandibular hypoplasia. Third, when patients with craniofacial microsomia do encounter cognitive-academic difficulties, deficits may be primarily related to verbal processing-including vocabulary, reading, and writing-with less vulnerability in areas such as math and visuospatial skills. Finally, cases' academic performance may be as strongly influenced by family demographic and sociolinguistic characteristics as by craniofacial microsomia-related factors, such as hearing loss. We plan to test these hypotheses in a new, prospective cohort of infants and young children with craniofacial microsomia currently being recruited. 50 In the meantime, we recommend close developmental surveillance of children and youths with craniofacial microsomia, especially those with both ear and jaw malformations, higher socioeconomic risk, and exposure to bilingual home environments. 
